Abstract. In the current paper, numerical simulations of Fluid Structure Interaction (FSI) of a SP (Surface Piercing) hydrofoil are conducted in order to study the in uence of elasticity on the initial water entry ventilation. Using ANSYS multi physics solvers, twoway FSI analyses are conducted by the implicit coupling of URANS (Unsteady Reynolds Averaged Navier-Stokes) equations with a nite-element method. Numerical results are validated by the well-known rigid and elastic wedge water entry problems. Subsequently, computational results are presented for ranges of di erent velocity ratios (0.38, 0.64) and elasticity factor [0, 4] . Similar to the Surface Piercing Propeller (SPP), performance curves of a wedge water entry are de ned. The obtained similar trend of propeller and wedge performance curves in fully ventilated, transition, and partially cavitated operation modes shows that the adopted approach (2D-study) can be appropriate for future related studies. FSI simulation results indicate that structural deformation can highly a ect the location of transition point and shift it toward the fully ventilated part at high Froude number and elasticity factor. The overall e ciency loss due to the increase of foil elasticity is observed, and overshoot time of the foil deformation related to the variation of Froude number and elasticity factor is evaluated.
Introduction 1.Surface piercing propeller characteristics
Surface piecing propellers are well-known propulsors for their appropriate performance in variable submergence. Design of these propulsors requires a precise estimation of hydrodynamic forces, moments, and resulting stresses and strains. The impact hydrodynamic forces due to water entry and water exit of each blade are still considered as the challenge of designing the SPPs. As a result, proper hydroelastic analysis of water entry process is imperative for a wide range of researches involving experiments and CFD modelling.
Hadler and Heker [1] and Hecker [2] initially identi ed hydrodynamic characteristic curves of a partially submerged propeller. They conducted experimental measurements on Surface Piercing (SP) hydrofoils and SPPs. They rst introduced three main free surface patterns of fully ventilated, transition, and partially cavitated. Later on, Brandt [3] experimentally developed the primary performance curves of the SPPs. On the other hand, Olo son's studies [4, 5] focused on transient behavior of forces and torque of a blade during a rotation. The experimentally recorded forces on a single blade showed that an abrupt increase in hydrodynamic force is observed when the single blade impacts the water.
Young and Kinnas [6, 7] , on the other hand, studied the hydroelastic performance of SPPs through another approach. Using the coupled BEM (Boundary Element Method) and FEM methods, they investigated the hydroelastic behavior of a propeller in a steady condition. The negative image method was applied to model the involved free surface. Gravity e ects were ignored, implying that simulations were conducted for Froude number approaching in nity. Meanwhile, Young [8] developed a computer code for analyzing the composite NACA foil propeller's hydrodynamics characteristics, later used by Young and Savander [9] to study the transient hydroelastic response of the stainless steel SPPs. In order to determine more accurate transient structural behavior of the SPP blade [8] , in addition to pressure distribution, the obtained added mass and damping matrices of uid part were utilized, too. However, for the investigated SPP, due to the small de ection of that particular blade, they did not o er any signi cant FSI e ects or ventilation pattern change. Moreover, the composite submerged NACA foil propeller showed notable de ection, which caused a decrease in propeller load and an increase in e ciency. Using the 1-way coupled URANS and FEM methods, Javanmardi and Ghadimi [10] studied the hydroelastic behavior of a ve-blade SPP. The gravity, cavitation, and uid viscosity were considered. The obtained results revealed that, for an isotropic material, the SP blades bend toward the propeller shaft and twist in a way that blade pitch angle increases. Moreover, blade's thin leading edge was seen to deform considerably more than the thick trailing edge ( Figure 5 ). However, the one-way coupling simulation could not show the uid and structural interactions, realistically.
2D wedge water entry characteristics
3D numerical simulation of a semi-submerged highspeed propeller involves computational complexity and high cost. On the contrary, 2D simulation of the blade section can furnish more information about the propeller performance and is also computationally e cient. Through 2D simulation conductance, the theoretical models of Wagner [11] and Von Karman [12] for the wedge water entry can also be utilized for the blade section. These methods have been introduced based on the added mass concept for the potential ow. Yim [13] was the rst to present a 2D analytical method for simulation of fully ventilated water entry and exit of a thin in nite symmetric wedge based on Wagner theory [11] . Vinayan and Kinnas [14] prepared a 2D BEM code to consider the nonlinear nature of the free surface pattern. He investigated the symmetric oblique wedge studied by Cox [15] and provided the pressure curves and free surface patterns. However, based on a comparison of URANS-based simulations of Ghadimi et al. [16] [17] [18] with the analytical method proposed by Ghadimi et al. [19] , SPH simulations by Farsi and Ghadimi [20] [21] [22] , and the conducted study by Feizi Chekab et al. [23] , the e ects of uid viscosity on modelling the arbitrary object's water entry improve the accuracy of water impact characteristics.
Faltinsen [24, 25] was the rst to present theoretical and experimental studies regarding the water entry of the elastic wedge shape panel. He had a signi cant role in the recognition of the importance of hydroelastic issue in a maritime research eld. He introduced hydroelastic analysis by the one-way coupling of orthotropic plate theory with Laplace equation as the governing equation of the uid part. Through this method, structural stress and strain of the water-entering wedge with the reinforced plate were simulated. These studies indicated that an increase in the impact velocity as well as the reduction of wedge deadrise angle could strongly increase the plat strain and deformation. To examine the importance of the elasticity e ect on the uid hydrodynamic characteristics, he introduced the \hydroelasticity factor", which is the combination of the uid viscosity, wedge geometry, and material characteristics.
The water entry model in a hydroelastic problem, extensively studied, is related to moderate deadrise angle wedge with a simply supported walls side ( Figure 9 ). This well-known model is used for validation purposes in the current paper. Lu et al. [26] utilized the coupled BEM method and plate theory to simulate water entry process of the mentioned wedge. His investigations showed that a reduction in plate thickness increases the elasticity e ects. He also suggested that, for the reduction of the plate thickness, the usage of the twoway coupled solver is inevitable. Korobkin et al. [27] compared the accuracy and computational cost of two methods to simulate water entry problem of Lu et al. [26] . He coupled the Wagner analytical method with (a) direct FEM to simulate the water entry part and (b) modal analysis for the structural simulation. As a result, he concluded that the modal analysis method has acceptable accuracy and low computational cost in most of the usual cases.
Maki et al. [28] and Dominic et al. [29] utilized one-and two-way coupling of URANS (Unsteady Reynolds Averaged Navier-Stokes) equations with elastic beam theory to simulate the elastic wedge water entry with constant and variable impact speeds. They employed Finite-Volume Method (FVM) based Open FOAM solver to model the uid part and FEM program to model the structural part. It was concluded that one-way coupling has acceptable results only for hydroelastic problem of small structural deformations.
Depending on the value of ow attack angle, an elastic SP hydrofoil water entry has di erent ventilation patterns in the presence of water, air, and vapor phases. However, most of the hydroelastic analyses of the wedge have been conducted for moderate deadrise angle geometry without the presence of water horizon-tal velocity. The ventilation mechanism at the transition point plays an essential role in the characteristic curves of SPPs, and any change and de ection in the blade geometry can a ect this point's speci cs. Based on the literature, for an isotropic material, the blade twists toward increasing pitch angle, which can a ect the trend of ventilation pattern during the blade water entry. This issue has not been considered yet.
In the current study, using the advantage of 2D low cost simulation, instead of a 3D complicated approach, the two-way coupled simulation of unsteady ventilating-cavitating turbulent ow around 2D elastic surface piercing hydrofoils is conducted in initial water entry phase. To this end, the direct FEM method is employed in structural simulation parts, and URANS equations are applied as the governing equations of the turbulent ow. Free surface shape and ventilation patterns are extracted by coupling the URANS with volume of uid technique. Ansys-CFX and ansysmechanical commercial software products are employed as uid and structure solvers, respectively. To ascertain the in uence of foil elasticity on the performance curves of surface piercing hydrofoil, di erent simulations are conducted with respect to a range of elasticity modules and attack angles. Furthermore, free surface patterns, pressure distribution, performance curves, and unsteady behavior of the foil de ections are investigated in the current paper.
Governing equation 2.1. Viscous unsteady ow governing equations
Based on the conducted literature review, the URANS equations are considered as the governing equations to model a more realistic situation for the hydrodynamic part. Since the present study deals with three di erent phases of vapor, water, and air, the mixture is assumed homogeneous. Accordingly, momentum URANS equations are utilized in a general form in terms of mixture's pressure, velocity, and viscosity as in the following:
where P and v i are the time-averaged pressure and velocity components, respectively; f i is average body force component; ij is the unit tensor; and ij is the shear stress tensor. Also m v 0 l v 0 J refers to the Reynolds stresses representing the turbulence uctuations in uid momentum requiring to be modelled. 
In Eq. (3), 0 a , w and v are air, water, and vapor density, respectively. Similarly, a , w , and v are air, water, and vapor dynamic viscosity, respectively. In addition, a is air volume fraction, w is water volume fraction, and v is vapor volume fraction in a cell to be used in the VOF method and is known as follows:
The VOF method focuses on the tracking of the interface between two or more phases of the ow with sharp interfaces, such as free-surface ows, suitable for the ow pattern in the current paper. Continuity equation of the mixture can be presented based on the vapor, air, and water fractions. 
where subscripts a, v, and w denote air, vapor, and water uid, respectively; ( _ m) is the mass transfer rate that is only observed between water and vapor phases. Based on the favorable results of Bagheri et al. [30] , in simulation of the propeller cavitation using the evaporation and condensation equation of Zwart model [31] , these equations are also used in the current paper to extract the mass transfer rate value. These equations include:
where C e and C c are empirical values equal to 50 and 0.01, respectively; R b is the mean radius of the bubble and is assumed to be 1 10 6 m, as proposed by Ji [32] ; and nuc is the vapor fraction which is considered to be 5 10 4 , as proposed by Mejri [33] .
Structure governing equations
FSI simulation of the water entry problem has a transient nature in uid loads and structural displacements. Therefore, to simulate the structural behavior including inertia and damping e ect, the dynamic niteelement formulation based on dynamic equilibrium is required. Since the structural deformation is considered in linear deformation range, the stable implicit transient FEM scheme, de ned by Newmark's [34] time integration methods, which is available in ANSYS, can be used. The semi-discrete form of the motion equation can be rewritten as follows: fug are nodal acceleration, velocity, and displacement vector, respectively. Indices n and n + 1 are related to the vectors at times t n and t (n+1) . With three known values of fu n g, f _ u n g, and f u n g, the three unknowns fu n+1 g, f _ u n+1 g, and f u n+1 g maybe calculated by the three algebraic equations de ned by Newmark [34] integration algorithms, which are:
fu n+1 g fu n g a 4 f _ u n g a 5 f u n g; f _ u n+1 g=a 0 fu n+1 g fu n g a 2 f _ u n g a 3 f u n g: (12) The value of a 0 to a 5 can be set by Newmark's integration formulation as in [34] .
FSI solution method and interface boundary conditions
There are two main approaches to solving the FSI equations: Monolithic and partitioned approaches.
In the monolithic or direct approach, one solver is used to solve a combined large matrix of ow and solid, while, in the partitioned approach, two di erent domains are solved by two distinct solvers, which can communicate implicitly or explicitly. Therefore, ow or structural equations' codes and e cient solution techniques maybe considered, separately. In this paper, due to the complex ow conditions and limited structural deformation, the strongly coupled (implicit) partitioned approach, available in ANSYS multi-eld solver, is implemented. A sequential solution of ow and solid parts is shown in a owchart scheme shown in Figure 1 . Generally, in FSI problems, two types of data of load and displacement should be transferred through the solid-uid interface boundary. The resultant force on the interface of the wedge (F i ) for the structure and uid domain will be equal and is given as follows: (13) where A s and A f are the interface area on the structure and uid side, respectively; ij is the structural stress tensor on the interface cells; and n j is the normal vector in j direction. Since the transferred load from the uid to solid domain is globally conservative, it is transferred subsequently by a conservative data capturing method (GGI method in ANSYS). On the other hand, since the pro le of the structural walls displacement should be preserved during iterative data transferring, the pro le preserving method is implemented to transfer the wedge deformation. As a result, for the synchronization points of both domains, the uid and solid displacement and, thus, the wall velocity are the same, meaning that:
Herein, ! u f and ! u s are the uid and structure deformation vector, while, ! _ u s and ! v are, respectively, the structure and uid velocity at the uid and structure interface.
3. Problem and parameters de nition 3.1. Parameters' de nition
To investigate the hydrodynamic behavior of the initial water entry process of the SPPs, the geometry of the wedge-shaped hydrofoil is extracted from a section of 821-b surface piercing propeller. In the current paper, the section of this propeller at 0.55 of blade radius is investigated. The combined principal parameters of the propeller and a water-entering wedge used in this paper, which are advance coe cient J, velocity ratio ", and Froude and Cavitation numbers, are, respectively, determined using equations: 
In these equations, D, n, U, V , w , and P atm denote the propeller diameter, shaft speed, water advance speed, foil vertical speed, water density, and ambient pressure, respectively. The geometry of the considered SPP's wedge-shaped hydrofoil is illustrated in Figure 2 . In addition to the principal parameters, other dependent parameters re ect the hydrodynamic performance of the wedge water entry. These parameters include the pressure coe cient, vertical and horizontal forces, and e ciency coe cient. These parameters are, respectively, determined using equations:
wedge = F x U=F y V; (22) where K F represents the dimensionless form of forces F x and F y . Wedge e ciency is de ned similar to the propeller e ciency expression ( wedge ). Hydrofoil added mass, m 0 , in the initial water entry phase based on Von Karman theory could be estimated by:
In this paper, the exibility of the hydrofoil changes through variation of elasticity modulus. The elasticity factor \e" shows the exibility ratio of hydrofoil structure related to steel material and it is de ned by:
where E s = 210 GPa is the steel elasticity modulus, and E is the hydrofoil material elasticity modulus. During hydrofoil penetration time, t, maximum foil de ection, r 0 , occurs at leading edge for corresponding time, t. The dimensionless form of these parameters is: r = r 0 E= w V 3 t;
where r and t are dimensionless de ection and time, respectively. Also, E and c are the hydrofoil structural elasticity modulus and chord length.
De nition of ventilation pattern
Water entry characteristics of SPPs and SP hydrofoils represent the variations of velocity ratio, " (or attack angle). As a result, depending on the value of velocity ratio, three di erent ventilation patterns may be observed. Trend of SPPs characteristic curves also depends on the location at which the patterns change. Therefore, a schematic form of these patterns and their e ects on SPPs characteristic curves is displayed in Figure 3 . The rst ventilation pattern is called a fully ventilated mode in which water surface separates from the hydrofoil leading edge; consequently, ventilated cavity is formed on the foil's suction side (Figure 3(a) ). In this condition, the uid behavior is perfectly steady and the hydrodynamic pressure only acts on the pressure side. With respect to constant water inlet velocity, U, if impact velocity, V , decreases (lower attack angle), another condition is observed which is called transition mode (Figure 3(b) ). In such a situation, the wall of air cavity starts to impact the foil body; as a result, the cavity is disconnected from the atmosphere. Meanwhile, the pressure does not display steady behavior and is highly a ected by the variation of velocity ratio. The dimensionless forces increase when the pressure loss occurs in the disconnected cavity on the suction side. As the impact velocity continues to decrease, the third condition called partially ventilated or cavitated mode occurs in which the stable limited cavitation sheet begins from the leading edge on the foil suction side. As a result, a partially ventilation pattern is observed on the free surface (Figure 3(c) ).
Computational procedure setup
In the current study, the geometry of a wedge-shaped SP hydrofoil with a left deadrise angle of 120.2 and a right deadrise angle of 55 is considered as a blade's section, as shown in Figure 4 (a). Based on the designated deadrise angles, the pitch angle is determined to be 35 . The wedge is situated in a rectangular computational domain containing water and air separated by a free surface at a speci c height. Initially, the wedge touches the undistributed free surface at a single point and starts to move down with a constant velocity, V . The computational domain is illustrated in Figure 4 (b). Similar to the propeller operational condition, the incoming ow of constant velocity (U) enters from the upstream boundary location. Based on the Olofsson experiments [5] , numerical simulation in the current paper is conducted in full-scale condition for two Froude numbers of 4 and 6 corresponding to input velocity of 6.26 and 9.39 m/s, respectively. To investigate the e ect of elasticity on hydrodynamic characteristics of the wedge water entry, di erent ow angles of attacks are studied through variations of vertical blade speed, V . By considering the gravity e ects, the distribution of initial hydrostatic pressure is implemented based on the water depth. Dimensions of the computational domain are selected based on the work of Shademani and Ghadimi [35] and Ghadimi et al. [36] . The upper and lower boundaries of the uid domain are set as the constant static pressure and velocity inlet conditions, respectively (Figure 4(b) ). Downstream location of the computational domain is de ned to be an out ow patch, while \no-slip" and force/displacement interface conditions are set for the wedge's walls.
The results of the one-way FSI simulation by Javanmardi and Ghadimi [10] can be used to determine the structural support de nition. Based on the obtained results, di erent deformation patterns, shown in Figure 5 , can be detected during the blade submergence process. At the initial phase of the blade water entry, the most notable deformation is the leading edge de ection (Figure 6(a) ), and as the blade goes down deeper, the structural twisting is added to the deformation patterns (Figure 6(b) ). Accordingly, while the blade is submerged completely, the distribution of the load over the blade area causes the overall bending de ection toward the upstream ow (Figure 6(c) ).
Since the ventilation regimes are highly dependent on the formed pro le of the free surface at the initial water entry phase process, this paper aims to investigate the variation of these regimes due to the structural deformations at initial water entry phases, as shown in Figure 6 (a). As a result, the de ection of the thick trailing edge of the hydrofoil is assumed negligible in comparison with the thin leading edge, and the cantilever beam condition is prescribed on the trailing edge side (Figure 6(right) ).
Through adjustment of the Courant number below unity, the time step for each blade velocity is prescribed based on the vertical displacement step, de ned by d y = h=k. Parameter h is the oblique wedge height and k is the number of divisions of the wedge height. The e ect of displacement step is assessed by assuming k = 40, 60, 120, 240, and 480. Based on the comparison of the obtained vertical forces on the hydrofoil, it is found that k = 120 is appropriate for rigid body simulation and decreasing the displacement step from k = 120 to 480 slightly a ects the computed forces by no more than 0.5%. However, in the presence of elasticity and in order to avoid the negative volume fault, the k = 480 (d y 0.1 mm) satis es the remeshing iterative procedure.
Boundary layer mesh type is applied onto the wedge sides to improve the accuracy of the predicted wall function parameters, and structured mesh parallel to the undistributed free surface level is used for the remaining parts of the considered domain. It should be noted that the aspect ratio of the cells near the wedge's wall should be low enough to avoid a negative volume fault.
The e ects of mesh size on the solution are investigated by considering four di erent meshing options of 0.4 [14] , 0.5, 0.6, and 0.7 million cells. It is shown that increasing the cell numbers beyond 0.5 million has less than 1% e ect on the resultant forces. However, to avoid a negative volume fault, the low aspect ratio cells near the wedge walls are utilized; consequently, the mesh option of 0.7 million cells is adopted for the current study. A schematic of the generated mesh is illustrated in Figure 7 .
One thousand cells with a structural element type SOLID185 are used to mesh the structural domain. To apply the displacement of the nodes and to preserve the relative mesh distribution of the initial mesh, especially boundary layers mesh, the`Displacement Di usion' r:( disp r ) = 0;
(27) where and denote the mesh sti ness and the node displacement relative to the previous mesh locations, respectively [37] . Since the current problem involves three di erent phases, the mass transfer terms are determined using high-resolution advection schemes. To approximate uid pressure and velocity, the secondorder Euler method is utilized. Based on the numerical solution owchart (Figure 1 ), the transiently conducted numerical solution contains three parts of numerical iterations including mesh smoothing iterations, CFD loop iterations, and FSI coupling iterations. Each iteration loop number is set as shown in Table 1 .
Validation
Two types of validations related to the paper concept are presented. The rst validation case is related to the water entry simulation of the rigid thin wedge, and the second one is related to the exible water-entering wedge.
Rigid wedge water entry
The experiment by Cox [15] was conducted on the symmetric solid wedge with dimensions shown in Figure 8(a) in the initial calm water condition. The wedge enters the initial calm water with a constant speed of 2.45 m/s. The free surface pro le is investigated for incident angles ( ) of 10 degrees. The obtained free surface pro les are compared with the results of Cox experiment [15] in Figure 8(b) . In addition, the obtained pressure distribution for the mentioned wedge is compared with Vinayan's BEM results [14] in Figure 8(c) .
As evident in the free surface comparison, there is favorable agreement between the free surface pro les on wedge's pressure side; besides, the di erence of pro les on the suction side is in an acceptable state ( Figure  8(b) ), and the computed pressure coe cient, C p , shown in Figure 8 (right), matches well with the results of BEM simulation done by Vinayan [14] .
Flexible wedge water entry
To validate the proposed FSI simulation method, the reported elastic wedge water entry problem, investigated by Korobkin et al. [27] and Dominic et al. [29] , is considered in this section. The schematic of the wedge and simulation domain are shown in Figure 9 (a). The problem involves the water entry of a wedge whose length is L = 0:5 m and consists of a pinned-pinned beam with 18 mm thickness, = 10 , and deadrise angle, which impact the free surface with a constant vertical speed of V = 4 m/s.
The wedge material is steel with the elasticity modulus of E = 210 GPa. The symmetric condition of the domain can reduce the computations cost considerably. The dimensionless normal deformation at the middle of the beam during dimensionless time penetration, V t=H (Figure 9(b) ), is considered as a validation parameter. Hence, by utilizing 0.4 million cells in uid domain and 500 cells in the structural domain, good agreement is achieved between the obtained deformation and analytical result of Korobkin et al. [27] and numerical data of Dominic et al. [29] . 
Results and discussion
This section is organized in three distinct subsections. The rst subsection focuses on the hydrodynamic characteristics of the rigid SP hydrofoil. The second subsection concentrates on the evaluation of structural exibility e ects on the transition condition. The last subsection deals with the e ects of elasticity on the SP hydrofoil water entry performance curves. In doing so, the required parameters for the targeted analyses are displayed in Table 2. 6.1. Hydrodynamic characteristics of the rigid SP hydrofoil
To understand the e ect of elasticity on the water entry characteristics of SP hydrofoil, its performance in rigid body condition (E = 1) is presented in this subsection. The elasticity factor, e = Es=E, is hereby assumed to be 0. The obtained results of pressure distributions, and free surface patterns in dimensionless coordinates (x=V t and y=V t) for water entering depth of V t = 0:076 m are illustrated in Figures 10(a) and (b). The performance curves which show the variation of dimensionless forces (F x , and F y ) and water entry e ciency (mentioned in Eqs. (21) and (22)) related to the variation of velocity ratio of (" = U=V ) are presented in Figure 10 (c).
Comparisons of the characteristic curves in Figure 10(c) and propeller schematic curves in Figure 3 show that the trends of dimensionless forces and e ciency for both SPP and simpli ed SP hydrofoils are favorably similar. Furthermore, the obtained free surface pro les and pressure distribution curves (Figure 10(a), and (b) ) indicate that the transition condition starts at velocity ratio of " = 0:41. Therefore, the velocity ratio of " = 0:38 is located near the end of the fully ventilated condition.
E ect of elasticity on transition condition
As previously pointed out in Section 3.2, when ventilated cavity impacts the hydrofoil side, transition condition occurs. Based on Olofsson's experiment [5] , for Fr>3, the start point of transition only depends on deadrise angle and velocity ratio. Therefore, in the presence of hydrofoil elasticity, the dependency of the start of transition on Froude number and elasticity factor should also be studied, again. In this subsection, hydrodynamic characteristics of elastic hydrofoil for velocity ratio of " = 0:38 corresponding to the end of a fully ventilated condition are investigated. The free surface pro le and pressure distribution for elasticity factor, e = 0, 1, 2, 4, Fr = 4, 6, are illustrated in Figures 11 and 12 . Meanwhile, the hydrodynamic e ciencies and foil's leading edge de ection for the mentioned elasticity factors and Froude numbers are illustrated in Figures 13 to 15 .
As evident in Figure 11 (a) and (b), the free surface pro le and pressure distribution for rigid hydrofoil at Fr = 4 and 6 are absolutely identical, which is expected for Fr> 3. Subsequently, FSI simulation is conducted and the hydrofoil material is assumed to be steel (e = 1). The obtained free surface patterns and pressure distributions for both Fr = 4 and Fr = 6, and material type e = 0 and 1 are presented in Figure 11 . Based on the results of elastic hydrofoil at Fr = 4, the similarity still exists with rigid condition. However, for Fr = 6, this similarity diminishes. This is due to the increase in the foil de ection at higher Froude number, which weakens the geometric similarity. Furthermore, from the pressure curve corresponding to Fr = 6 and e = 1, it can be realized that through the increase of the foil de ection, the local pitch angle rises and, consequently, C P on the pressure side of the foil increases.
If the hydrofoil exibility increases from e = 1 to e = 4, the similarity of the results decreases further, and for Fr=6 and e = 4, the operational condition changes from fully ventilated to the transition condition ( Figure 12(a) ). This implies that exibility of the foil structure can even change the operation condition of the water entry regime. However, the operational conditions for Fr=4 are the same for all the considered elasticity factors (Figure 12(b) ). Therefore, at elasticity factor e = 4, there exist two di erent operational conditions for two Froude numbers greater than 3.
The hydrodynamic e ciency during the dimensionless water entering time (V t=c) presented in Figure 13(a) shows the overall reduction due to the increase of elasticity factor and Froude number. This is due to the fact that energy required to de ect the foil structure during the time of water entry is extracted from the uid ow energy. Thus, during the structural de ection, uid ow loses part of its momentum, meaning that the case with greater elasticity factor and Froude number has more e ciency drop ( Figure 13(b) ).
Leading edge de ections shown in Figure 14 imply that the e ect of Froude number on this parameter is more noticeable than the elasticity factor; this is due the fact that the force acting on the foil during the time of water entry time is proportional to Fr 3 , while the elasticity factor has a linear relation with r x . If the leading edge dimensionless de ection is plotted during dimensionless water entry time (V t=c), the curves in Figure 15 (a) are obtained.
Dimensionless overshoot time (V t=c ) represents the hydroelastic characteristics parameter of a water entering object. This parameter shows the water entry depth at which the maximum dimensionless de ection (r ) occurs (Figure 15(a) ). Also V t=c is the function of the structure mass and exibility. Figure 15(b) shows the variation of this parameter against elasticity factor for two investigated Froude numbers. As expected, the increase of the structural elasticity causes an increase in the overshoot time and its corresponding entering depth. However, an increase in Froude number and, consequently, the impact velocity will cause an increase in this parameter, too. This is due to an increase in the added mass based on Eq. (23) in the higher impact velocity.
6.3. E ects of elasticity on SP hydrofoil water entry performance curves
In this subsection, the e ects of elasticity on hydrofoil performance curves are evaluated. To this end, the exible SP hydrofoil with elasticity factor e = 1 to 4, for the velocity ratio range of " = 0:38 to 0.64 corresponding to fully ventilated, transition, and partially cavitated conditions, impacts the calm waterfree surface. The obtained free surface pro les and pressure distribution for elasticity factor e = 1 and 4 are illustrated in Figures 16 and 17 . Later on, the leading edge displacement curves during the waterentering process for the mentioned velocity ratios are presented in Figure 18 . Finally, the e ects of elasticity on SP hydrofoil performance curves are evaluated based on the obtained results in Figure 19 .
Based on the comparison of the free surface patterns in Figure 17 and their pressure distributions in Figure 16 , through the reduction of hydrofoil vertical velocity, V , (increase of ") regardless of elasticity factor, the trends of pressure curves become more similar to the rigid body condition; hence, the e ect of the foil exibility diminishes. Based on the free surface patterns in Figure 17 , the reduction of vertical velocity, (increase in ") reduces the structural de ection, too.
Similar to Figure 15 (a) in Subsection 6.2, Figure  18 presents the dimensionless displacement of the leading edge through the dimensionless time for elasticity factors of 1 and 4 and velocity ratio of " = 0:38 to 0.64.
The comparison of these two groups of curves in Figure 18 shows that the dimensionless overshoot time (V t=c ), for the group curves of e = 4, is evidently greater than that belonging to e = 1. This means that velocity ratio variation does not a ect V t=c as much as the elasticity factor does. Hence, the e ect of elasticity factor on V t=c is more considerable than the velocity ratio is.
Similar to the rigid condition, the performance curves of the elastic hydrofoil for the elasticity factors of 1, 2, and 4 are sketched in Figure 19 (a). The comparison of the dimensionless forces shows that an increase in the foil exibility causes a general growth in K F y and K F x . It was pointed out earlier that an increase in foil exibility and de ection causes an increase in the hydrofoil local pitch angle (). As a result, C P on the pressure side of the foil and the resultant force increase, too. However, the structural exibility has stronger e ect on the sensitive parts of the performance curve. The location of the transition point of the performance curve is highly dependent on the geometric and kinematic characteristics of the SP foil. Therefore, a geometrical variation due to the structural de ection can strongly a ect this operational condition. As shown in Subsection 6.2, an increase in foil exibility to e = 4 moves the transition point toward the fully ventilated region. Shifting the transition regime on performance curve to the left can be observed in Figure 19 (a) for e = 4 and Fr = 6.
The obtained e ciency curves versus velocity ratio for the elasticity factors of 1, 2, and 4 are presented in Figure 19 (b). The general e ciency decline due to the increase in foil exibility and de ection can be observed in this gure. The amount of e ciency lost by an increase in the structural elasticity in comparison with the rigid body condition is depicted in Figure 19 (c). As previously declared, in an elastic water impact problem, the uid energy wastes to deform the structure and, therefore, the water entry e ciency reduces. However, at high velocity ratios, the low resultant forces and insigni cant deformations diminish the elasticity e ects.
Conclusions
In this paper, hydroelastic behavior of a surface piercing hydrofoil was analyzed by a two-way coupled numerical method. The problem was investigated for a multi-phase domain containing water, vapor, and air. The coupled URANS equation, VOF scheme, and Zwart's cavitation model [31] were utilized to conduct the uid simulation, while the linear elastic equations were used for structural simulation purposes. The investigated SP hydrofoil has a left deadrise angle of 55 and a right deadrise angle of 120.2 . 0.7 million cells were considered for the uid part, while 10,000 cells were used for the structural part, and displacementstep was assumed 0.1 mm in the conducted simulation. Results of Korobkin simulation [27] and Dominic and Maki numerical simulation [29] were utilized to validate the elastic water entry simulation. Favorable accordance was observed between the obtained results and the published data.
Subsequently, elastic water entry process of the SP hydrofoil was investigated for a particular range of velocity ratios and for speci c Froude numbers. The e ect of hydrofoil exibility on the ow was analyzed and free surface pro le and pressure distribution on both sides of the foil were extracted for di erent elasticity factors and Froude numbers. Similar to the propeller characteristic curves, the non-dimensional forces and e ciency curves of the rigid and elastic foils were presented. Furthermore, a comparison of the characteristic curves for four di erent elasticity factors was made to examine the e ect of elasticity on the ventilation regime, dimensionless force, and the de ned wedge water entry e ciency.
Based on the obtained results for all the conducted simulations, one may conclude that the following ndings are the important contributions of the current paper:
(a) For the rst time, similar to SPP characteristic curves approach, dimensionless forces and e ciency curves are de ned and presented for the wedge water entry. Based on the rigid wedge results of oblique thin wedge water entry simulation, three types of SPP ventilation patterns of fully ventilated, transition, and partially cavitated conditions were extracted. Moreover, the obtained performance curves of the wedge water entry have the same trend as the SPP characteristic curves do; (b) Investigation of elastic water entry process of the SP hydrofoil for a particular range of velocity ratios and speci c Froude numbers showed that, in the presence of elasticity and foil de ection, hydrodynamic similarity diminishes and the increase in elasticity can a ect the ventilation regime pattern such as shifting of the transition start regime toward a fully ventilated zone; (c) The comparison of the characteristic curves illustrates that, contrary to the exible NACA foil propeller, an increase in foil elasticity and de ection increases the pitch angle and wedge load, hence decreasing the de ned water entry e ciency; (d) Ultimately, the variation of Froude number is shown to have stronger e ect on the structural de ection than the elasticity factor.
Any future research may involve studying the hydroelastic analysis of an actual surface piercing propeller. This study may become instrumental in better understanding the challenges of a propeller structural design. 
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